ABSTRACT The substrate-borne vibrational courtship songs of type A and type B Chrysoperla nipponensis (Okamoto) (Neuroptera: Chrysopidae) are described in detail, from populations sampled throughout Japan and near Beijing, China. The song of type A is long (Ϸ5Ð 6 s) and is made up of numerous (four to 12) volleys of four distinct forms that differ in their carrier frequencies. The song of type B is shorter (Ϸ2 s) and functions as a repeated single-volley song, but each volley is shown here to consist of four to six distinct subsections. During heterosexual duets, partners of type A exchange their long multi-volley songs, whereas partners of type B repeatedly exchange short single-volley songs. Geographical variation within each song type is low and largely insigniÞcant. In addition, previously recognized mitochondrial (cytochrome oxidase subunit I) haplotypes A1 and A2 of type A C. nipponensis do not have different songs. These results support the hypothesis that types A and B C. nipponensis are distinct species, with type A corresponding to the nominate species (i.e., C. nipponensis s. str.) and type B as yet unnamed. Their songs are among the most complex yet found in the Chrysoperla carnea swarm of cryptic species.
The Chrysoperla carnea species group of green lacewings is globally distributed in the Northern Hemisphere, but with a southern range extension through the African continent to the Cape Region (Henry et al. 2006) . Its morphological homogeneity caused earlier entomologists to treat the complex as a single species, Chrysoperla carnea (Stephens) (Tjeder 1960) . However, recent work has shown that C. carnea comprises many distinct species, each identiÞable by its own substrate-borne, vibrational mating signal produced by courting males and females in a precise duetting format (Henry 1980 (Henry , 2006 . These "song species" have large geographical ranges that often overlap, but each remains distinct because of the powerful reproductive isolating effect of the premating signals (Wells and Henry 1998) . Most systematic work has focused on the cryptic species of North America (Henry et al. 1993) , Europe (Henry et al. 2002a) , and southern Africa . Nonetheless, it has been clear for some time that additional species diversity exists in central and eastern Asia (Henry et al. 1999b, Henry and Wells 2004) . Tsukaguchi (1995) attempted to clarify the taxonomy of Chrysopidae in Japan by folding several poorly delineated and ambiguous species into the existing concept of C. carnea. Included in the synonymy were Chrysoperla nipponensis (Okamoto) and Chrysoperla sinica Tjeder, described from Japan and China, respectively. However, Brooks (1994) reinstated C. nipponensis and synonymized C. sinica with it on morphological grounds, and the species was later shown to have its own unique courtship and mating song (Wells and Henry 1998, pp. 221 and 227; Henry and Wells 2004) . Tsukaguchi (1984 Tsukaguchi ( , 1995 had earlier recognized two distinct larval types in C. nipponensis, one of which, type B, exhibited much darker head markings and a stockier body form than the other, type A. Taki et al. (2005) then showed that the two larval types matured into identical adults with distinct song phenotypes and a reluctance to mate with one another (Յ6.7% success). They concluded that the two forms were cryptic, reproductively isolated species within C. nipponensis. Molecular phylogenetic work by Haruyama et al. (2008) conÞrmed a very close relationship among populations of type A, type B, and C. carnea (Europe), but it also identiÞed two distinct mitochondrial (cytochrome oxidase subunit I [COI]) haplotypes within type A, one of which (A2) clustered with C. carnea and the other (A1) with B (see Þg. 2 in Haruyama et al. 2008) . In light of these confusing discoveries, it is important to determine the true biodiversity within carnea-group lacewings native to Japan (Naka et al. 2005 , Haruyama et al. 2008 . We can then more accurately assess the threat posed to this indigenous Japanese fauna by closely related but nonnative species such as C. carnea, which was introduced from Europe to Japan in 1996 for mass rearing and inundative agricultural release (Naka et al. 2006) .
In this study, we present detailed descriptions of the vibrational songs of the two cryptic species of C. nipponensis, A and B, sampled across all of Japan and from one additional population near Beijing, China. We examine solo songs as well as songs produced during duets, testing for within-species differences in standard temporal and frequency properties that might be related to sex, geographical location, or COI haplotype (A1 and A2).
Materials and Methods
Collecting, Rearing, and Identification of Living Lacewings. The Þrst specimens of C. nipponensis to have their songs recorded were collected in November 1995, near Beijing, China, by Peter Duelli (Swiss Federal Research Institute WSL, Birmensdorf, Switzerland) . These were shipped to Storrs, CT, and were maintained and studied using protocols outlined previously (Henry et al. 1996 (Henry et al. , 1999a . Much later, between August 2005 and October 2007, C. nipponensis were collected as eggs, larvae, or adults by three of us (A.M., N.H., and K.N.) at 14 sites in Japan ( Fig. 1 ; Table 1 ). Eggs and larvae of those specimens were reared in Japan by using methods described in Haruyama et al. (2008) . As before, Þeld-collected and laboratory-reared adults were shipped to Storrs for maintenance and study. After their songs were recorded, all individuals were placed in 99.5% ethanol and stored at 4ЊC for future DNA analysis and/or preservation as voucher specimens. Vouchers have been deposited in the personal collections of C.S.H. (Storrs, CT) and A.M. (Kannondai, Ibaraki, Japan).
Individual larvae were initially separated into type A or B C. nipponensis by head markings, but Þnal assignment to species was done by recording song phenotypes at maturity. To distinguish between living adults with A1 versus A2 haplotypes, one secondinstar larva was sequenced from the brood of each egg-laying female to determine its haplotype. Assuming the siblings of that larva to be the same haplotype, we reared those larvae to adulthood and analyzed their songs (for details, see Haruyama et al. 2008) .
Recording and Analysis of Songs. A minimum of Þve complete courtship songs (ϭshortest repeated units [SRUs] , the phrase exchanged between partners while duetting) of each specimen of C. nipponensis were recorded at 25 Ϯ 1ЊC directly to computer disk by using an optical transducer to detect vibrational signals from the reßective plastic-wrap surface of a small arena (OM1 by Schwenk, Willimantic, CT). Sub- K. Nakahira
All sites except Beijing are in Japan. Numbers in the left-most column correspond to those shown on the map of Japan (see Fig. 1 ).
strate-borne signals were digitized at 500 Hz and analyzed on a personal computer with hardware (CED 1401plus) and software (Spike 2, Smith 2003) from Cambridge Electronic Design (see Henry et al. 1996, Henry and Wells 2004) . Males and females in the laboratory were induced to sing by playing back to them prerecorded songs of conspeciÞcs, by using methods described previously Henry 1992, 1994) . The songs of Chrysoperla Steinmann green lacewings consist of volleys of low-frequency abdominal vibration repeated with a regular period. Each volley also can exhibit changes (modulation) in its carrier (fundamental) frequency. Some species have relatively simple songs composed of single-volley SRUs repeated many times, whereas others produce complex songs consisting of much longer, multi-volley SRUs repeated only in response to other such songs. In general, type B nipponensis shows the former pattern and type A the latter one. However, the "simple volley" of type B is unusual among lacewings in having within it four to six discernible subsections characterized by abrupt changes in carrier frequency, whereas the "multi-volley SRU" of type A is made up of four distinctly different volley types (Fig. 2) . Thus, for type A we Þrst measured the duration and period (from the start of one to the start of the next) of the entire multi-volley SRU but then took additional measurements of duration, period, and carrier frequency (including modulation) for each of the four volley types (Fig. 2) . Similarly for type B, we Þrst measured duration and periodicity of the major volley (ϭSRU) but then took additional measurements of duration, period, and carrier frequency for each of the four to six volley subsections. In total, 22 song features were measured for the type A song species and 24 for type B (Tables 2 and 7) .
We analyzed the songs of 67 individuals of type A C. nipponensis and 40 of type B. For type A, we made statistical comparisons among the songs of populations from northern Honshu Island, central Honshu Island, western Honshu Island, Shikoku Island, and China (Beijing) (Fig. 1) . Pooled populations of haplotypes A1 (N ϭ 14) versus A2 (N ϭ 40) also were compared, as were pooled populations of all type A individuals from Japan (N ϭ 54) versus China (N ϭ 13). For type B, we compared the songs of populations from northern and central Honshu Island and Shikoku Island with one another.
The mean of each song feature was calculated from all songs recorded per individual, and this mean served as the representative value of the feature for each individual in other analyses. CoefÞcients of variation (CVs) also were determined, Þrst for each individual (within-individual variation) and then for the entire population (between-individual variation). Analyses of variance (ANOVAs) were performed on individual averages using a variety of independent variables, including country, geographic region, sex, and haplotype (A1 versus A2). We used Statistica, version 6.1 (StatSoft, Tulsa, OK) for all statistical procedures.
A principal components analysis (PCA) was used to summarize and visualize the song differences among countries, geographic regions, and haplotypes within type A C. nipponensis (Fig. 3 ). All 22 song features measured in all 67 individuals (Table 2) Table 2 . Also tabulated there is the subsample of type A individuals from mainland China, as well as a breakdown of the Japanese type A insects into COI haplotypes A1 and A2. For all type A individuals combined, between-individual CVs for song measurements were relatively low, averaging 18% for temporal features and 8% for frequency features.
Regardless of locality, adult males and females of type A C. nipponensis produced a single type of song (ϭSRU), used both in solitary calling and duetting ( Fig. 2 ; Table 2 ). The SRU was complex and multisyllabic, with three relatively long volleys at the beginning followed by one to nine (mean ϭ 4.27) shorter volleys. Songs (SRUs) ranged in length from Ϸ3 to 8 s (mean ϭ 5.42 s). An individual without a duetting partner could produce songs singly, or more rarely in a repeating series; when repeated, the period between songs averaged Ϸ10 s.
The three longer volleys of the SRU were measurably different from each other and from the shorter volley type. The Þrst volley, V1, was the longest (mean ϭ 730 ms). Each V1 volley began with a short low-frequency thump (mean ϭ 73 Hz) followed by a harmonically complex section showing two dominant frequency bands between 100 and 115 Hz. The second volley, V2, followed V1 after a silence of only 100 ms, and exhibited a much lower carrier frequency. It averaged 495 ms, during which time its frequency rose linearly from Ϸ25 to 73 Hz. The third volley, V3, followed V2 after a mean silent period of 340 ms. It averaged 471 ms and showed rising frequency modulation from Ϸ30 Hz to an indeterminate plateau composed of several frequency bands between 65 and 90 Hz. Harmonic complexity also characterized the several short volleys that followed V3: for those volleys (VS), mean dominant frequencies were 100 Ð115 Hz, similar to V1. Short volleys averaged 444 ms and followed each other at a mean period of 853 ms.
Heterosexual duetting consisted of each individual repeatedly answering complete multi-volley songs of its partner with songs of the same type (Fig. 2 , bottom left). The result was a long series of iterated SRUs, with the responses of the partners alternating with one another. Individuals did not interrupt each other, but answered immediately upon completion of an SRU by their partners. Consequently, an individualÕs duetting song period (mean ϭ 12.19 s; Table 2 ) was longer than its solo period (mean ϭ 9.98 s), to accommodate the song of its partner. As in other lacewings of the carnea group (Henry 1979) , the duet ended with the male repeatedly tapping the genital area of the female with the tip of his abdomen just before copulation.
Sex Differences in Songs. Songs of males and females of type A C. nipponensis were very similar but not identical, with 13 of 22 features showing small but statistically signiÞcant differences in two-tailed t-tests that assumed equal variances (Table 3) . Temporal song featuresÑ durations and periodsÑaveraged 12% longer in females than males; however, frequency differences were less than that and showed no sex-related pattern. Sex differences in general were small enough to warrant pooling all individuals in other comparisons.
Geographic Variation in Songs. Using an ANOVA (Table 4) , populations of type A C. nipponensis from Þve geographic regions (northern, central, and western Honshu Island and Shikoku Island, Japan; plus Beijing, China) were compared with respect to measurements of their 22 song features. Differences among populations were not large, but nevertheless signiÞcant for 11 of the features. No consistent geographic trends were apparent, based on the results of Scheffé Õs contrast tests (data not shown) applied to features exhibiting signiÞcant geographic effects. Only four song features remained signiÞcantly different when all specimens from Japan were pooled and compared with the population from Beijing, China using two-tailed t-tests (Table 5) .
To visualize geographical differences, we applied a PCA to the individual means of the 22 song features measured in all 67 type A C. nipponensis. The Þrst two principal components accounted for Ϸ43% of total variance. On the scatterplot of PC-1 versus PC-2, we compared Japan with China ( Fig. 3B ) and the Þve smaller geographical subregions with one another (Fig. 3A) . Neither comparison revealed any clear geographical contribution to song variation.
Haplotype Differences in Songs. Songs of the A1 and A2 COI haplotypes of type A C. nipponensis were very similar but not identical, with six of 22 features showing small but statistically signiÞcant differences in two-tailed t-tests (Table 6 ). Temporal and frequency features did not exhibit consistent haplotypeassociated biases in their variation. When the two haplotypes were highlighted on the PCA scatterplot of song phenotype (Fig. 3C ), their relative positions in "acoustic space" were coincident, further supporting minimal differences between them.
Although formal behavior experiments were not conducted, it was observed that individuals from different geographical or haplotype populations of type A C. nipponensis responded equally strongly to playbacks of songs recorded from any other regional population or haplotype. However, all remained unresponsive to the songs of other cryptic species of the V1, V2, V3, and VS are distinct volley types; SRU, shortest unit exchanged by partners in duets (the "song"). Fig. 2 , at two time scales. Individual averages, standard deviations, and sample sizes for the 24 measured features are in Table 7 . Between-individual CVs for song measurements of type B individuals were relatively low, averaging 15% for temporal features and 9% for frequency features.
Adult males and females of type B C. nipponensis produced a single type of song (ϭSRU), used both in solitary calling and duetting ( Fig. 2 ; Table 7 ). The SRU could be construed as a single volley of Ϸ2 s and repeated spontaneously every 4 s by unpaired individuals of either sex. However, this "single volley" also Table 2 were excluded from this analysis due to small sample size. Features showing signiÞcant differences among geographic populations are indicated in bold. exhibited a complex substructure (Fig. 2, top right) , comprising four distinct sections (aÐ d) ßanked by a preÞx (e1) and sufÞx (e2). The "e1" preÞx, not always present, consisted of one to Þve discrete but ill-deÞned low-frequency thumps; these were followed by a longer, more intense "a" section of vibration, Ϸ130 ms long and rising in dominant carrier frequency from Ϸ50 to 78 Hz. Immediately following was "b," a stronger burst of vibration that lasted Ϸ155 ms and rose in frequency from Ϸ46 to 96 Hz. Section "c" was longer but less intense, lasting Ϸ260 ms and falling in frequency from Ϸ47 to 24 Hz. After a silent period of Ϸ25 ms was section "d," the longest part of the volley (mean ϭ 304 ms). It showed progressively diminishing Sections aÐ d and "thumps" are distinctly different parts of the single monolithic volley that constitutes the SRU (ϭshortest unit exchanged by partners in duets) in this species.
intensity and a carrier frequency that fell gradually from Ϸ55 to 40 Hz. Finally, the volley often ended with the "e2" sufÞx, another series of one to 10 thumps acoustically identical to the "e1" preÞx. Very similar thumps were occasionally produced in orphaned groups of two to 10 elements not associated with an organized song; these are referenced in Table 7 as "spontaneous" thumps.
Heterosexual duetting consisted of each individual repeatedly answering the complex (but integrated) volley of its partner with a volley of the same type (Fig.  2, bottom right) . The result was a long series of iterated SRUs, with the responses of the partners alternating with one another. Individuals did not interrupt each other, but answered immediately upon completion of an SRU by their partners. Male abdominal tapping behavior immediately preceded copulation.
Sex Differences in Songs. Songs of males and females of type B C. nipponensis were nearly identical, with only three of 24 features showing small but statistically signiÞcant differences in two-tailed t-tests that assumed equal variances (Table 8) . Two of these traits, the duration of section "b" and the b-c period, averaged Ϸ8% longer in females than males. Sex differences were small enough to warrant pooling all individuals in other comparisons.
Geographic Variation in Songs. Using an ANOVA (Table 9) , populations of type B C. nipponensis from three geographic regions in Japan (northern and central Honshu Island and Shikoku Island) were compared with respect to measurements of their 24 song features. Differences among populations were minor, reaching barely signiÞcant levels (P ϭ 0.02Ð 0.04) for only three features. No consistent geographic trends were apparent, based on the results of Scheffé Õs contrast tests (data not shown) applied to each of those three features. We judged that further tests of geographical patterns using PCA were not justiÞed.
As we had observed for type A C. nipponensis, all individuals of type B C. nipponensis responded equally strongly to playbacks of songs of conspeciÞcs from any geographical region. However, all remained unresponsive to the songs of other cryptic species of the carnea group, including C. carnea s. str. and type A, A1, or A2 C. nipponensis.
Discussion
Our results conÞrm and extend preliminary work by Taki et al. (2005) on the songs of types A and B C. nipponensis. However, we document longer SRU durations and periods for both species than reported in that previous study. For type A, we measured an SRU duration of 5.42 s versus 4.78 s by Taki et al. (2005) and an SRU period of 9.98 versus 7.86 s. For type B, we measured an SRU duration of 2.08 versus 1.25 s (Taki et al. 2005) , and an SRU period of 3.97 versus 3.10 s. These differences are relatively small and were probably caused by 1) consistently different methods of measurement, 2) unequal levels of sexual receptivity and motivation in the insects tested, or both. Ambient temperature could not be a factor, because it was 25 Ϯ 1ЊC in both studies.
The vibrational songs of types A and B C. nipponensis are the most complex yet described for a species in the carnea species group (Fig. 2) . Type A has a long, multi-volley song made up of four distinctly different volley types, and type B has a single-volley SRU that Names of features are abbreviations of those listed in Table 7 . Features showing signiÞcant differences between the sexes are indicated in bold.
superÞcially seems much simpler but in fact exhibits a complex internal acoustic structure characterized by four to six distinctly different subsections. Previous work had documented a maximum of two volley types in the long song of C. downesi (Henry 1980) and two subsections in the single-volley song of C. agilis (Henry et al. 2003) . The unprecedented complexity of song phenotype in types A and B C. nipponensis suggests enhanced levels of behavioral species recognition, although that remains to be tested. Clearly, neither of these East Asian species falls within the "acoustical space" of any other known song species of the carnea group (Henry 2006) .
Variation of song phenotype within either type A or type B C. nipponensis is low, whether measured among songs delivered by an individual, among individuals at a locality, or among populations at different localities (Tables 2, 4 , 5, 7, and 9). Low variation over a broad geographic range suggests that stabilizing selection is acting on the speciÞc mate recognition system of each song type. Type A and type B C. nipponensis are probably true biological species, morphologically very similar to one another but reproductively isolated by their distinctive duetting signals. This hypothesis is supported by earlier experiments showing that copulation between same-type pairings was much more likely than between different-type pairings (Taki et al. 2005) . Because the type A song phenotype was assigned Þrst to the taxon C. nipponensis (Henry and Wells 2004) , we designate type A as the "true" C. nipponensis (s. str.). Type B will thus require a formal name, accompanied by a complete morphological, geographical, and ecological description of its larva and adult (our unpublished data). For now, type B remains distinguishable from C. nipponensis s. str. in Japan only by its strikingly dark larval head capsule (Taki et al. 2005) . However, even larval head color might not be a reliable diagnostic trait: recent work has shown that darker pigmentation in both song types is correlated with lower rearing temperatures (Mochizuki et al. 2009 ). Consequently, song phenotype will remain an indispensable tool for unambiguously distinguishing type B from type A C. nipponensis s. str. in eastern Asia.
Our knowledge of the ranges of type A and type B C. nipponensis remains incomplete. Type A C. nipponensis s. str. occurs throughout much of eastern Asian, with a documented longitudinal span of Ͼ2,500 km (Beijing to northern Japan). However, type B has been found only within Japan. However, based on the patterns shown by other members of the carnea group (Henry 2006) , it is very likely that type B will soon be collected beyond the limits of the Japanese archipelago.
The existence of two mitochondrial haplotypes, A1 and A2, within type A C. nipponensis s. str. is puzzling. As mentioned, each haplotype clusters phylogenetically with a different species, A1 with type B and A2 with C. carnea. However, we have shown here that the songs of the two haplotypes are indistinguishable and thus do not support the molecular dichotomy. Haruyama et al. (2008) proposed either introgression or ancestral polymorphism as possible explanations for the odd clustering behavior of these haplotypes. For two reasons, we prefer the hypothesis of ancestral polymorphism. First, molecular evidence of ancestral polymorphism is expected in groups where the rate of speciation exceeds the rate of molecular evolution (Moran and KornÞeld 1993, Donnelly et al. 2004 ). Lacewings of the carnea group are one such example of exceedingly rapid cladogenesis, as inferred from previous molecular and genetic studies (Henry et al. 1999b (Henry et al. , 2002b . Second, hybridization and introgression require sympatry of the hybridizing species, but no such sympatry exists between C. nipponensis and C. carnea; to the best of our knowledge, C. carnea is limited to Europe and northwestern Asia (Henry et al. 2002a) . Nor has C. carnea been present in Japan long enough as an introduced species to have created the existing pattern of molecular markers (Naka et al. 2006) . However, there is a remote chance that the COI haplotype of C. carnea dispersed through populations of undescribed song species in northern and central Asia and thence into type A C. nipponensis in Japan or China (see Þg. 16.1 in Wells and Henry 1998). Comprehensive phylogeographic studies of gene ßow among the many song species of the carnea group are necessary if we are to fully understand past and present evolutionary processes within this complex of cryptic species.
